Laser-induced thermal effects in optically trapped microspheres and single cells have been investigated by Luminescence Thermometry. Thermal spectroscopy has revealed a non-localized temperature distribution around the trap that extends over tens of microns, in agreement with previous theoretical models. Solvent absorption has been identified as the key parameter to determine laser-induced heating, which can be reduced by establishing a continuous fluid flow of the sample. Our experimental results of thermal loading at a variety of wavelengths reveal that an optimum trapping wavelength exists for biological applications close to 820 nm. This has been corroborated by a simultaneous analysis of the spectral dependence of cellular heating and damage in human lymphocytes during optical trapping. Minimum intracellular heating, well below the cytotoxic level (43 ºC), has been demonstrated to occur for optical trapping with 820 nm laser radiation, thus avoiding cell damage.
INTRODUCTION
Optical traps and tweezers have proven to be highly versatile tools that make it possible to manipulate single particles at the microscopic scale [1] [2] [3] [4] . The applications of this non-contact manipulation technique cover a wide range of fields, from material studies 5, 6 to single cell manipulation 7, 8 , allowing, for instance, the study of interactions between individual cells 9 . Optical trapping of micrometrical objects can be accomplished by focusing a laser beam through a high numerical aperture objective, thus achieving laser spots whose diameter is close to the diffraction limit.
Typically, the chosen wavelengths for trapping experiments lie in the NIR, where there are two spectral ranges (known as first and second biological windows) where the absorption of water and other components of biological specimens is at a minimum 9 . Laser powers required for optical trapping are on the order of a few hundred of miliwatts 10 . However, the tight focusing of the laser beam leads to laser power densities at the optical trap as high as MW/cm 2 . Then, even when such appropriate wavelengths are used, at such high laser power any residual absorption will result in a non-negligible thermal loading at the trap position [11] [12] [13] . Whereas sometimes laser induced-heating is desirable, such as in photothermal therapy of cancer tumors 14 , in trapping experiments temperature increments will be detrimental in most cases, leading to undesired changes in the properties of the studied systems. Moreover, when working with biological samples, even temperature increments below 5º C will cause alterations in the biochemistry and molecular machinery of cells 15, 16 . If temperature reaches the cytotoxic level (43º C), cell death will be triggered through apoptosis or necrosis 17, 18 . In addition, the trapping dynamics itself can be altered when the temperature is increased, as other forces besides radiation pressure would become relevant 11, 12 . Therefore, a full knowledge of the thermal loading in trapping processes is required to make a correct interpretation of the results of trapping experiments. Furthermore, when studying biological samples, a range of experimental parameters where no significant alterations or irreversible damage occur to the cells needs to be determined.
Due to the intrinsic interest of this subject, a great number of works that deal with laser-induced thermal loading in optical traps can be found in the literature. The great discrepancy between the reported heating rates (temperature increment per watt of laser power), which range between 15º C/W and 70º C/W 11, 12, 19 , can undoubtedly be attributed to the different experimental conditions and, more precisely, to the difference in laser wavelength. The model proposed by Mao et al. 1913 . states that the laser-induced temperature increment in an optical trap, ΔT trap, depends on the absorption coefficient of the fluid at the laser wavelength, α abs (λ trap ), on the laser power, P l , the chamber thickness, D, the thermal diffusivity of the liquid medium, K, and the laser spot radius w l according to the following expression:
Taking into account that the laser spot radius is related to the numerical aperture, NA, of the objective through the following expression,
the heating rate at an optical trap, β trap , i. e. the temperature increment divided by the laser power, can be written as follows:
From this expression, it can be clearly seen that laser wavelength is one of the main parameters determining the thermal loading in an optical trap. However, other factors besides thermal loading need to be taken into account when choosing an optimum wavelength for a given trapping experiment. For instance, photochemical processes that can occur in biological cells must be avoided in order not to affect cell viability 20, 21 . Therefore, for each trapping experiment an optimum wavelength which does not alter the sample while keeping the laser-induced heating at a minimum must be carefully determined.
In this work, luminescence thermometry (LTh), which takes advantage of temperature-induced changes in the emission signal of fluorescent probes 22 , has been used to study the thermal changes that occurred when optically trapping polystyrene microspheres. Both quantum dots and fluorescent dyes whose emission signals are strongly temperaturesensitive have been used as probes to measure the laser-induced heating in trapping experiments. These probes allow us to determine the thermal loading at the optical trap and its surroundings, where a heat-affected zone (HAZ) along which temperature follows an exponential decay with the distance to the laser focus, is expected to appear due to the thermal diffusivity of the medium 19, 23 . This non-contact technique is especially suitable for temperature measurement in this kind of systems, as it makes it possible to determine the temperature without disturbing the experimental conditions. Besides, it presents good spatial and thermal resolution, allowing us to accurately determine the temperature distribution within an optical trap with sub-micrometrical resolution.
Taking advantage of this method, we have studied the laser-induced heating in optical traps, paying special attention to the effects of the wavelength and the absorption of the solvent. In addition, the possible effects of establishing a continuous flow of the sample throughout the trapping microchannel have also been analyzed.
EXPERIMENTAL

Trapped microparticles
Both polymer and silica microspheres, as well as human lymphocytes, were used to carry out the trapping experiments described in this work. The polymer microspheres were provided by Polysciences, Inc. They were uniform, monodisperse polystyrene microspheres (at. No. 17134, Polysciences, Eppleheim, Germany) 3 μm in diameter. So as to avoid multi-particle trapping, they were dispersed in water at a concentration as low as 0.02 μg/mL.
For single-cell optical trapping experiments, Jurkat cells (clone E6.1) were used. Freshly cultured suspensions of these cells were maintained in RPMI 1640 medium supplemented with 10% fetal calf serum (FCS), 1% (v/v) penicillin/streptomycin (10 000 IU/mL/10 000 g/mL), and 2 mM L-glutamine (complete medium) in an incubator with humidified 95% air, 5% CO 2 atmosphere at 37 ° C. All reagents were purchased from Fisher Scientific (Massachusetts, USA). For experiments, an aliquot of 100 μL of fresh, exponentially growing lymphocytes (cell density of 10 6 cells/mL) were taken and subsequently diluted 1/5 with complete medium. Immediately after, 50 μL of this suspension were placed on a microscopy chamber (Ibidi, Germany). 
Luminescent probes
The two different luminescent probes were used as temperature sensors in this work were CdSe-QDs and a solution of Rhodamine B (RhB) and Rhodamine 110 (Rh110), both of which have already been successfully used as temperature sensors in different systems [24] [25] [26] . The CdSe QDs were provided by Invitrogen, Inc. (Q21721MP) and had an average size of 14 ± 3 nm in length and 6 ± 0.6 nm in width. They present an emission band peaking at about 640 nm, which suffers a noticeable redshift when the temperature increases, as can be seen in Figure 1(b) . The luminescent dyes where provided by SigmaTech Inc., and their concentration in the solution was 0.25 mM and 0.05 mM for RhB and Rh110, respectively. A temperature increment will result in a quenching in the emission band of Rhodamine B, which peaks at about 525 nm, whereas the emission of Rhodamine 110 (peaking at about 575 nm) remains unchanged. The ratio between both emissions can be used to determine the temperature with an accuracy of 1º C, and avoids any effect due to local changes in concentration or light intensity that could arise when only a temperature-sensitive dye were used. To perform temperature measurements, a 200 μm-deep microchannel (Ibidi, Inc.) was filled with either a solution containing CdSeQDs (1·10 9 cm -3 ) or the fluorescent dye solution previously described. To study the effects of the flow rate, a syringe pump (NE-1002X Programmable Microfluidics Pump) was used to establish a continuous flow of the dye solution along the microchannel.
Temperature measurements
In order to measure the temperature in the optical trap, two different experimental setups that allow for simultaneous microparticle trapping and excitation of the luminescent probes were used. First, a double-beam confocal microscope as the one depicted in Figure 1(a) was used to simultaneously create an optical trap and measure the laser-induced heating. Whereas the upper part of the microscope allows for multiple-wavelength trapping of micrometrical particles, the bottom section allows for excitation of the fluorescent probe and collection of the luminescence signal, thus making it possible to measure the temperature at the optical trap when the focal planes of both microscope objectives overlap. The 488 nm laser used to excite the luminescent probes was focused through a 50x objective (NA = 0.55) which was also used to collect the luminescence signal. Meanwhile, to focus the trapping beam, a 100x objective with a numerical aperture (NA) of 0.8 was used. Five different trapping wavelengths were used throughout this work: 750 nm, 808 nm, 820 nm, 980 nm and 1090 nm.
To obtain two-dimensional images in an easy way, a second experimental setup was used. While an identical trapping (top) section as the one depicted in Figure 1(a) was used, the bottom part of the previous setup was replaced with a commercial epi-fluorescence microscope. In this case, a high-voltage mercury lamp was used as an excitation source for the luminescent probes. After passing through an appropriate set of filters, the luminescence from each of the dyes was collected through a 20x microscope objective and recorded with a camera. We thus obtained two fluorescence images from which the temperature distribution could be reconstructed.
RESULTS
Effect of the trapping wavelength
The obtained heating rates (β trap ) displayed in Figure 2 clearly reveal that wavelength is the critical parameter that determines the laser-induced heating in an optical trap. The experimentally obtained temperature increments as a function of the applied laser power at each wavelength, which can be seen in the inset of Figure 2 , allowed us to calculate the heating rates represented in the figure. The linear dependence of the temperature increment on the power is in perfect agreement with expression (1), allowing us to conclude that the effect of any other process is negligible at these trapping wavelengths.
Moreover, the agreement between the experimentally determined heating rates for all five wavelengths and those predicted by to the model proposed by Mao et al 13 . is extremely good. It can be seen that the heating rate values follow the wavelength dependence of the absorption coefficient of water, which peaks at 980 nm in the range of wavelengths used throughout these works. At this trapping wavelength, the highest heating rate (β trap = 99ºC/W) was observed.
Effect of the solvent
The fact that the experimentally obtained heating rates follow the wavelength dependence of the absorption coefficient of water points to the absorption of the solvent as the main factor determining the thermal loading in optical traps, in agreement to previous studies. In fact, a change of solvent results in a dramatic change in laser-induced temperature increment, as can be seen in Figure 3 . The images shown represent the temperature distribution at the site of the optical trap and its surroundings using either water (Figure 3(b) ) or heavy water (D 2 O) (Figure 3(c) ) as a solvent for a trapping wavelength of 980 nm. The absence of any significant heating for the case of heavy water can be perfectly explained taking into account its absorption spectrum, displayed along with that of water in Figure 3 While the absorption coefficient of water peaks at 980 nm, absorption of heavy water is practically negligible at that wavelength. This difference between both absorption coefficients at that trapping wavelength accounts for the difference between the temperature distributions represented in Figures 3(b) and 3(c) . Figure 3 , it can also be clearly seen that the laser-induced heating is not restricted to the optical trap, but instead it extends for tens of microns out of it. The existence of such a heat-affected zone (HAZ) was indeed expected due to the thermal diffusivity of the medium where the trapping occurs.
From the thermal images depicted in
Effect of the fluid flow
Up to this moment, we have worked with static solutions containing fluorescent temperature-sensitive probes to analyze the effect of the wavelength and the solvent in the laser-induced heating. However, if the sample containing the microparticles to be trapped is pushed through the microchannel in a continuous flow-through manner, it is expected that the temperature increment will be significantly reduced with respect to the static case.
As can be seen in Figure 4 , which represents the maximum temperature increment for different particle velocities in an optical trapping experiment at 980 nm, thermal loading does indeed decrease as the flow rate (and thus, the speed of the particles) of the sample increases. As is displayed in figure 4 , the temperature rise at the highest flow rate studied in this work, which still allows for microsphere trapping, is significantly lower (close to 30º C) to that occurring when no flow is applied. Therefore, establishing a continuous fluid flow is a suitable way of minimizing the laser-induced heating when the required laser wavelength and power cause a significant temperature increment in the sample. 
Laser-induced heating effects on biological cells
As we have seen throughout this work, choosing the appropriate trapping parameters is key to minimizing the laserinduced heating in the sample. This is particularly important when working with biological samples, as any temperature increase above the cytotoxic level (43º C) will result in irreversible damage to cells and biochemical changes would occur even for lower temperature increments. Taking in to account that water is the primary component of the cell itself and the medium surrounding it, it seems logical to assume that the wavelength dependence of the photothermal damage caused to the cell will be the same of the laser-induced heating in an aqueous solution depicted in Figure 2 , which is given by the absorption coefficient of water. Therefore, a minimum thermal loading is expected for an excitation wavelength of 820 nm.
The state of the cell during a trapping experiment can be evaluated by monitoring it under the microscope in real time, studying the occurrence of any king of visible cell damage (blebbing, membrane rupture) 27 . Loss of circularity is, in the case of the human lymphocytes used in our experiments, a convenient way to analyze cell damage. As can be seen in Figure 5 , the laser-induced damage caused to the lymphocyte is as, expected, highly dependent on the wavelength. The morphology of the trapped lymphocytes was compared to that of healthy untrapped lymphocytes for a laser power of 300 mW at two wavelengths (820 nm and 980 nm) between which laser-induced heating varies greatly. For trapping times of 30 minutes, evident changes in the morphology of the lymphocyte trapped under the 980 nm laser beam have taken place and the aspect ratio has varied significantly. These morphological changes suggest that temperatures close to the cytotoxic level have been reached in the optical trap. In fact, results obtained by luminescence thermometry, not displayed here for the sake of brevity, reveal that at that laser power an intracellular temperature increment of about 20ºC is expected. Taking into account that the experiments have been performed at room temperature (22 ± 1ºC), laser-induced heating is effectively driving the cells very close to the cytotoxic level.
Untrapped lymphocyte
On the other hand, the shape of the lymphocyte trapped at a wavelength of 820 nm remains very similar to that of untrapped lymphocytes. These results reveal that, for 820 nm, the laser-induced heating is not causing noticeable damage to the cell and besides, that no photochemical processes of significance are taking place. Therefore, 820 nm can be proposed as an optimum wavelength for biological applications of trapping as laser-induced damage will be kept at a minimum.
CONCLUSIONS
Throughout this work, thermal effects in optical traps have been analyzed by luminescence thermometry. Trapping wavelength has proven to be the critical parameter determining the temperature increase at a given laser power. The wavelength dependence of the laser-induced heating at an optical trap follows exactly that of the absorption coefficient of the solvent where the particles to be trapped are dispersed. Therefore, a maximum heating rate has been observed at 980 nm for aqueous solutions, whereas no significant heating is found at that wavelength for dispersions in D 2 O. For biological samples, it has been determined that 820 nm constitutes an optimum trapping wavelength, simultaneously minimizing heating and photochemical damage of cells.
Moreover, the temperature distribution at the surroundings of optical traps has been studied, leading us to prove that the heat-affected area extends for tens of microns around the optical trap. Establishing a continuous flow of the sample has proven to affect the size and symmetry of this heat affected area but, more importantly, it has proven to substantially reduce the laser-induced heating at the optical trap.
